This article was prepared at the invitation of the Clinical Sciences Reviews Committee of the Association for Clinical Biochemistry Most hospital laboratories estimate the concentration of total circulating testosterone using a non-extraction method on an automated multi-channel immunoassay analyser supplied by a small number of multi-national diagnostic companies. Although these platforms offer advantages of quick turnaround times, small volume sampling and random access analysis, proficiency testing schemes suggest the quality of results produced remains similar to that of the early manual radioimmunoassay. An estimate of the bioavailable, non-sex hormone binding globulin (SHBG) bound fraction of circulating testosterone, be that the free or the free plus albumin-bound, may be a better index of gonadal status than total testosterone alone, especially when a borderline hypogonadal level of total testosterone is found, and may avoid misclassification of hypogonadal or eugonadal men. Free or bioavailable testosterone may be calculated or measured. The free androgen index may not give a true reflection of androgen status in men. In the interpretation of serum testosterone concentrations with results 440 nmol/L, the possibility of exogenous administration or abuse needs to be considered. The marked diurnal rhythm in total testosterone should also be taken into account. There may be a diminution of testosterone secretion with advancing age, but the great majority of older men have a circulating total testosterone concentration well within the accepted reference intervals established for younger men. As testosterone concentration may fluctuate markedly both seasonally and from day to day, it may be judicious to measure levels on more than one occasion.
Introduction
Secreted by the testes, testosterone acts as an anabolic steroid promoting secondary sexual characteristics such as hair growth, muscle mass, penile enlargement and libido as well as sexual di¡erentiation and spermatogenesis. Measurement of concentrations of serum testosterone in men is carried out mainly to assess gonadal status or to monitor replacement therapy.
Although it is generally recognized that erectile dysfunction (a common presenting feature) has, in the majority of cases, little to do with low circulating levels of testosterone, this needs to be excluded as a possible cause. Testosterone circulates in the blood stream in both protein-bound and non-protein-bound (free) moieties. In men, approximately 50% is loosely bound to albumin, 44% is avidly bound to sex hormone binding hormone (SHBG), 4% is bound to other proteins and 2% is free and non-protein bound. Control of testosterone secretion is via negative feedback to the hypothalamus where episodic secretion of gonadotrophin releasing hormone, in turn, promotes synthesis and release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the anterior pituitary gland. LH is then responsible for stimulation of the testosterone-producing Leydig cells of the testes.
While for many years the non-protein bound fraction of a circulating steroid hormone has been considered to be the only biologically active form, recent work suggests that the albumin-bound fraction of testosterone may also be bioactive.
Problems associated with measuring serum concentrations of testosterone in specimens from adult females (where vulnerability to occasional methodrelated interferences is of particular concern) and prepubertal subjects (where analytical sensitivity at low concentrations is required) are beyond the scope of this review, which will re£ect on the factors concerned with the estimation and the interpretation of testosterone levels in adult males. With the exception of the ¢rst few months of life, prepubertal children, be they male or female, have largely undetectable concentrations of serum testosterone.
The measured (estimated) concentration of testosterone circulating in human serum is dependent on numerous variables. The factors that play an important role are as follows: 
Method of measurement
Unlike most other commonly measured hormones, the concentration of serum testosterone in normal adult males is at least four-fold higher than that in normal adult females. Furthermore, the generally accepted reference intervals for men of approximately 10--35 nmol/L 1--4 span a wider concentration range. These intervals may vary a little from laboratory to laboratory but are unlikely to di¡er signi¢cantly, and in many cases re£ect values supplied by manufacturers in reagent package lea£ets. Expected values for many of these assays have been tabulated by Taieb et al. 1 In a 2003 survey on reference ranges, carried out by the United Kingdom National Quality Assurance Scheme for serum testosterone (UK NEQAS; J. Middle, personal communication), 27 out of 96 respondents quoted manufacturers data while 13 used 'in-house' derived data and 17 quoted 'historical' reference ranges. A recent report comparing results obtained from 10 immunoassays, including eight automated platforms, with an isotope dilution--gas chromatography--mass spectrometry (ID--GC--MS) method suggested that none of the immunoassays was su⁄ciently reliable to measure testosterone in serum at levels below 1.7 nmol/L. 1 An accompanying editorial 5 concluded that current immunoassays for testosterone at such low concentrations produce results that are little better than generating random numbers. Although this is likely to be of more concern when assaying sera from women, and the study found that the quality of measurement of testosterone in male samples was better than that in women, three of the platforms examined produced results in the male range with mean di¡erences of 44.0 nmol/L from the ID--GC--MS method and the authors considered the results of two of the automated assays questionable at the lower limit of testosterone concentrations in men. The lack of agreement between results obtained on immunoassay platforms and those obtained by ID--GC--MS may be due to a matrix e¡ect (seen more often in direct assays than in extraction assays), the e¡ect of SHBG binding, methods used to displace protein-bound testosterone prior to immunoassay, or antibody recognition of steroids other than testosterone. Most clinical laboratories estimate the circulating concentration of total testosterone (i.e. the free, non-protein-bound fraction together with albumin-bound and SHBG-bound components). In order to quantify all three components together, a method for displacing testosterone from protein needs to be incorporated in the methodology. This may involve disruption of the protein, extraction of the steroid into an organic solvent or addition of a chemical agent that has a higher binding a⁄nity than has testosterone for the binding protein. Prior to immunoassay, all the serum testosterone to be measured should be in the free, non-protein-bound state.
Currently, measurement of total testosterone in hospital laboratories is almost exclusively performed on fully automated immunoassay analysers, with fewer and fewer choices of assay available. Data produced by UK NEQAS (who, as well as supplying UK laboratories, distribute steroid samples to 111 laboratories overseas) indicate that ¢ve diagnostic companies with automated platforms provide more than 90% of testosterone assays. It is unlikely that a laboratory's choice of automated immunoassay platform is dictated by the ability to measure the small-number-requested analytes such as testosterone. Compared with the original assays (mainly radioimmunoassay [RIA] with serum extraction) the current automated analysers provide a quick turn-around-time on small-volume samples, random access analysis and, if necessary, enable assay of many more samples as part of a pro¢le, in batch mode. The quality of results produced by the automated analysers, however, appears little better than was reported by original workers in the ¢eld some 30 years ago 6,7 using solvent extraction, manual pipetting, charcoal separation techniques and scintillation counting of radioactivity. Examination of inter-assay precision data provided by manufacturers 1 reveals coe⁄cients of variation (CVs) ranging from1.7% at 24.3 nmol/L on one platform to 7.8% at 34.3 nmol/L on another. Furthermore, in this study precision data for three out of eight automated platforms are little different from those quoted for two manual RIAs at male concentrations. Thus, in 1972, Ismail et al. 7 described an assay with average within-and between-assay CVs of 7.8 and 8.2%, respectively, and a sensitivity of 0.6 nmol/L. Reviewing current published methods in 1970, Nugent and Mayes 6 found assays capable of detecting 0.33 nmol/L and with CVs of 3.7%, 13% and 14% at concentrations of 1.6, 1.96 and 8.2 nmol/L, respectively.
Analytical interference in immunoassays may be characterized by a discrepant increase or decrease in the observed concentration of analyte. 8 In testosterone assays, this is likely to be more obvious in female samples with unexpectedly high concentrations. 9, 10 It is more di⁄cult to detect aberrant increases in total testosterone in men as most of the factitious increase could be masked by producing a testosterone level still within the broader reference range. The main crossreactant in testosterone assays is likely to be 5a-dihydrotestosterone (DHT), which will still be detected following solvent extraction. The normal circulating levels of DHT are, however, considerably less than those of testosterone, so unless abnormally raised, the interference would probably be minimal and (at normal male testosterone concentrations) virtually impossible to detect.
Personal experience would indicate that levels greater than 40 nmol/L in men who are not already known to be on testosterone replacement are likely to be of exogenous origin. In an unpublished series of 1987 unselected routine requests, levels greater than 40 nmol/ L were found in only four samples. This corresponds with reference ranges from 96 laboratories subscribing to UK NEQAS where only two of the 96 laboratories quote a range up to 41nmol/L. In cases where the total testosterone concentration exceeds 40 nmol/L it may be expected that gonadotrophins would be suppressed, and the misuse of drugs (testosterone) as a possible cause should be considered. Testosterone-secreting tumours of the testis are very rare, comprising around 1% of all testicular tumours, and serum testosterone concentrations tend to be normal.
Little is reported of spuriously low testosterone in men due to assay interference. In the past, some direct (non-extraction) assays have been a¡ected by the level of SHBG present in the serum 11 or by autoantibodies that recognize the labelled antigen. 9, 12 Many of these interferences may well be overcome by incorporating a solvent extraction step prior to immunoassay. Simple solvent extraction can be carried out using diethyl ether at a volume 10 times that of the sample followed by snap freezing in dry ice. The ether layer may then be decanted and evaporated to dryness prior to reconstitution in steroid-free serum before immunoassay.
Age
It is generally assumed that, in men, advancing age is accompanied by a gradual diminution in total testosterone concentration. 2,13--19 Nevertheless, many reports demonstrate concentrations of total serum testosterone in old men well into the reference range for young adults. 20--27 A more recent report showed that as men aged, the lower limits of reference ranges decreased, but also that up to 50% of men aged 70--79 years had a total testosterone 415.1nmol/L. 28 
Time of the day and season of the year
Total serum testosterone displays a circadian rhythm ( Figure 1) , with the highest concentrations found in the morning and the lowest in the evening. 29,30--36 This diurnal variation is reported 14,37--39 to be blunted in elderly men, but a recent study 40 suggests that in ¢t healthy men this rhythm is maintained into the Figure 1 Example from one subject of the diurnal rhythm in total testosterone and corresponding LH in normal young men. Samples were taken every 30 min over a 24-h period. The figure illustrates the profound fall in testosterone concentration from morning to evening along with the pulsatile pattern of LH secretion and the lack of correlation between testosterone and LH seventh decade. This report describes a decrease of at least 43% from peak to nadir in all the men studied. Similarly, both free and bioavailable testosterone concentrations display this marked variation between morning and evening. It would, therefore, not seem unreasonable when measuring testosterone in serum that strict attention is paid to the time of sampling. Reports of seasonal variation in testosterone have shown considerable disagreement in both crosssectional 41--47 and longitudinal studies. 48--55 More recently, in a cross-sectional study involving more than 1500 men, Svartberg et al. 56 found lowest total and free testosterone in months with the highest temperatures and longest hours of daylight. Samples analysed for this report were, however, collected at random times between 08:00 and 16:00 h. Little is reported on testosterone levels in shift workers. Peak and trough times of testosterone have been shown to be erratic with serum concentrations signi¢cantly decreased. 57 Other reports show no obvious modi¢cations in testosterone concentration on exposure to bright light, 58 and the picture may be confounded by the in£uence of satisfaction or dissatisfaction with shift working since men dissatis-¢ed with the pattern of work revealed lower testosterone concentrations. 59 
Intra-individual variation
Disagreement also exists on the day-to-day constancy of testosterone concentration in normal men. Early work suggested marked day-to-day £uctuations in serum testosterone levels even though samples were collected at the same time each day in di¡erent studies. 60 One report 61 of a cohort of 169 men aged 40--80 years, with serum testosterone measured eight times in 50 weeks, concluded that since the level in the initial sample correlated with the mean concentration, a single estimate was adequate. This re£ected earlier work recommending measuring testosterone on three occasions throughout the day in order to establish an overall daily concentration. 31 More recently, however, others have shown a marked week-to-week variability in both testosterone and bioavailable testosterone. 62 These ¢ndings are in accordance with unpublished studies in the author's laboratory where testosterone in eight normal men aged 25--60 years showed marked intra-individual variability in total and bioavailable testosterone in both AM and PM samples ( Figure 2 ). In some individuals, the values ranged from normal to hypogonadal. Furthermore, total testosterone measured 22 times in a single individual, collected under strict timing between 09:00 and 10:00 h over an eight-year period, revealed an intra-individual variation from 14.5 to 33 nmol/L with no chronological correlation. This evidence would suggest that un-less the initial testosterone level is unequivocally normal (412.5 nmol/L) or unequivocally abnormal (o7 nmol/L), more than one estimate of total testosterone should be obtained before classifying a result as indicating hypogonadism.
Nutritional status and weight
Concentrations of serum total testosterone are lower in obese men compared with those found in normal men of the same age. 63--67 The major factor contributing to this decrease is reported to be the concomitant, positively associated decrease (Po0.001) in SHBG concentrations. 66 We have found this inverse relationship between body mass index (BMI) and total testosterone in a group of men with a BMI between 17 and 29, the correlation being observed in both morning and evening samples.
Circulating levels of testosterone are lowered in critical illness such as burn injuries 68 or anorexia nervosa, 69 where nutrition may be compromised. This hypogonadism is probably secondary to hypothalamic/ pituitary down-regulation in response to disease. More recent evidence showing a close temporal relationship between testosterone, LH and leptin suggests that low testosterone concentration seen in male anorectics may be related to low leptin levels. Changes of leptin levels over time were signi¢cantly correlated with those of gonadotrophins and testosterone. 70 The subject is comprehensively reviewed elsewhere. 71, 72 It is, however, unlikely that routine assessment of gonadal status would be paramount in such patients.
Influence of circulating LH concentrations
Testosterone, like all steroid hormones, is synthesized from cholesterol. The rate-limiting step in testosterone synthesis is the conversion of cholesterol to pregnenolone. LH regulates this reaction, thus controlling the overall rate of testosterone synthesis. As a general rule, a fall in circulating testosterone evokes a simultaneous rise in LH secretion and, in the clinical context, men with low circulating levels of testosterone tend to have elevated levels of LH unless the hypogonadism is secondary to a pituitary or hypothalamic cause. Attempts to correlate acute changes in testosterone and LH have, however, proved problematic. As an adjunct to a study of diurnal variation in testosterone 40 gonadotrophin levels were also measured every 30 min for 24 h in 10 young men aged 23--31 years. No concomitant crosscorrelation was established between LH and total testosterone 73 (Figure 1 ).While total testosterone showed a signi¢cant circadian rhythm on Cosinor analysis, LH displayed a much less marked rhythm, with a typical episodic pattern of secretion.
Reports have shown rises in LH with age both without a decrease in testosterone 20 and in conjunction with decreased testosterone. 19, 74 An increase in LH concentrations would be consistent with primary gonadal dysfunction, but although interstitial cell secretory reserve may be suboptimal, when elderly men were challenged with human chorionic gonadotrophin (HCG) they responded by normalizing testosterone levels. 3 
Presence and effect of relevant binding proteins
The precise function of speci¢c binding proteins such as SHBG remains unknown (see Rosner W 75 for review), but some evidence suggests a role of active transport of steroids into certain target tissues such as prostate and testis 76, 77 over and above the classical role of regulating the steady-state free hormone concentration in plasma.
As a general concept, as with other speci¢c binding proteins, when the circulating concentrations of these proteins rise, a concomitant rise is also observed in the total concentration of hormone. For example, when the oestrogen-induced rise in thyroxine-binding globulin (TBG) and cortisol-binding globulin (CBG) occurs in pregnancy, a rise in total thyroxine and in total cortisol is seen. This is as a result of the negative feedback mechanism maintaining the constant level of free hormone. Similarly, it is widely accepted that a rise or fall in SHBG results in an increase or decrease in total testosterone. These changes do not, however, occur acutely, as evidenced by the profound decrease in testosterone concentration throughout the day while levels of SHBG remain almost constant. In one study 40 although cosinor analysis revealed a signi¢cant diurnal rhythm in SHBG, with an acrophase (period of highest levels) in mid-afternoon, the changes were relatively small ($10%) and probably re£ected the shift in body £uid between compartments as subjects lay down at night and rose in the morning. It seems clear that SHBG levels change very little throughout the day, altering only with posture as with other plasma proteins like albumin. 29, 78 This lack of a signi¢cant relationship between SHBG and testosterone is also illustrated in a study in the author's laboratory where no correlation was found between SHBG and testosterone concentrations measured in a single individual on 22 occasions. The marked diurnal rhythm seen in testosterone is, therefore, not attributable to a change in binding proteins.
A further paradox exists between SHBG and testosterone. As mentioned above, many reports indicate a decrease in testosterone with advancing age. At the same time it is universally acknowledged that SHBG increases as men grow older. This results in a marked diminution of both free and bioavailable testosterone as men age.With the well-recognized negative feedback in the hypothalamic--pituitary--testicular axis, a rise in LH secretion might be expected in order to reset the free testosterone level and, as SHBG increases with advancing age, the total testosterone level might increase simultaneously and to the same degree. This anomaly may well be explained by a decreased testosterone production rate in older men. 79 The main reason for estimation of serum testosterone in men is detection of hypogonadism. In cases of proven hypogonadism satisfactory replacement of de¢cient testosterone is relatively easily achieved, the main routes of administration being by bolus intra-muscular injection of mixtures of testosterone esters or by transdermal patches of testosterone. Shortly after injection, supra-physiological circulating levels (440 nmol/L) are achieved, the concentration gradually diminishing to hypogonadal levels within 2--3 weeks and prior to the next dose. Replacement of testosterone may not be without risks 80 and, therefore, treatment should be con¢ned to those men with proven frank hypogonadism. This group would encompass those men with clinical signs whose total, free and/or bioavailable testosterone are unequivocally low be that as a result of primary gonadal failure or secondary to hypothalamic/pituitary dysfunction. In some cases, men may show an equivocally low total testosterone, but when free or bioavailable testosterone is estimated these may be normal. Replacement in these men may, therefore, not be warranted.
Total, bioavailable or free testosterone?
In some cases, the concentration of total serum testosterone may not always represent a true re£ection of the androgen status. If, for example, two men have exactly the same total testosterone concentration and one has SHBG 10 nmol/L while the other has SHBG 80 nmol/L, then they will have entirely di¡erent levels of bioactive testosterone. In all probability testosterone bound to SHBG is biologically inactive, 81 and therefore some estimate of the non-SHBG-bound fraction may be a more appropriate measure. Methods of assessment of the non-SHBG-bound fraction of testosterone include estimation of the free (non-protein bound) concentration by various methods including calculation of the free androgen index (FAI), equilibrium dialysis, centrifugal ultra¢ltration, direct analog RIA, assay of bioavailable (free plus albumin bound) testosterone or calculation of the free and/or bioavailable fraction.
Many laboratories measure SHBG in conjunction with total testosterone and produce an FAI using a simple arithmetical formula:
Although this index has found favour in discriminating hyperandrogenic females with normal total testosterone concentrations, 82--84 its use as a reliable index of bioavailable testosterone in men has recently been questioned. 85, 86 The 'reference method' for estimating free testosterone is generally accepted as equilibrium dialysis 85,87--90 or centrifugal ultra¢ltration, 91 but these methods are time-consuming and labour-intensive and are not suitable for a routine clinical service.
Reports have suggested that use of analog RIA direct methods for measurement of free testosterone produces results at variance with those generally accepted as re£ecting the free hormone concentrations. 85,92--95 An estimate of free testosterone concentration may be achieved by use of a simple equation 82 if the total testosterone and SHBG are measured:
Free testosterone ð% of the measured totalÞ ¼ 6:11 À 2:38 log 10 ½SHBG :
Otherwise more complicated formulae requiring computer-assisted calculation may be used. 85, 96 The results produced by any of the formulae show similar concentrations of free testosterone. 97 The website of the International Society for the Study of the Ageing Male (www.ISSAM.ch) reveals a page requesting entry of total testosterone, SHBG and albumin concentrations and selection of the appropriate units of measurement will automatically calculate the free testosterone concentration by simply clicking the 'return' key. This method of calculating the free testosterone concentration has recently been validated byVermeulen et al. 85 Reports from Pardridge's group 98--100 and others 101 have led to the belief that bioavailable testosterone, more than total testosterone, best re£ects androgen status and this is now widely advocated. 78,102--113 The ¢rst Pardridge hypothesis suggests that sex steroids are available to nearly all tissues from the pool of albumin-bound steroid. During capillary transit, provided the t 1/2 of the hormone-albumin dissociation is less than the transit time, the hormone undergoes dissociation and subsequent transport across the cell membrane via a 'free intermediate mechanism'. Pardridge's second hypothesis involves transport from the plasma protein-bound fraction via a speci¢c tissuemediated enhanced dissociation of the hormone from the protein by either a non-competitive inhibition of hormone binding to the plasma protein or by a putative cell surface receptor, followed by rapid dissociation of the protein--hormone complex.
These hypotheses advanced by Pardridge have been strongly criticized and the conclusions questioned. 114, 115 Nevertheless, an ever-increasing volume of literature presenting data on bioavailable testosterone has appeared with a 10-fold rise over the past decade. A strong correlation between bioavailable testosterone and calculated free testosterone has been demonstrated 85 and between bioavailable testosterone and such clinical indices as muscle strength and bone density, 27 suggesting clinical usefulness of the measurement.
Although more technically demanding than measurement of total testosterone (especially if total testosterone is measured on an automated platform), bioavailable testosterone data based on the method of Tremblay and Dube 107 have been reported by several groups. 29, 98, 103, 112 This technique involves precipitation of SHBG by saturated ammonium sulphate, leaving the free plus albumin-bound fractions in the supernatant. Using a radioactive testosterone tracer as a measurable endpoint, the percentage of the total testosterone found in the supernatant may be determined, thereby representing the 'bioavailable', or non-SHBG-bound fraction. The concentration of bioavailable testosterone can then be calculated from the concentration of total testosterone. The measurement has recently 85 been advocated as a valid marker of bioactive androgen, correlating well with the 'reference' equilibrium dialysis free testosterone assay.
In light of the ever-growing body of evidence of a better correlation of bioavailable or free rather than total testosterone with such clinical ¢ndings as hypogonadism, bone mineral density and cognitive function in the elderly, it would seem not unreasonable for laboratories to adopt some measure of non-SHBG-bound testosterone as a marker of androgen status. As measurement of bioavailable or free testosterone will be beyond the scope of routine clinical laboratories, the simple derivation of both free and bioavailable testosterone on the ISSAM Website might well be advocated. As an alternative, laboratories using an automated platform capable of measuring both total testosterone and SHBG might choose to incorporate an automatic calculation of free testosterone into their laboratory computer software.
Conclusion
Laboratories should be aware of the limitations of an automated direct estimate of serum testosterone. Provided that the level is unequivocally in the reference range (412.5 nmol/L) or unequivocally low (o7.0 nmol/L), this will probably give an acceptable re£ection of gonadal status.
When a borderline result is obtained, (between 7 and 12.5 nmol/L) the factors mentioned above which in£uence serum testosterone concentration should be borne in mind and in these cases a further, early-morning sample should be analysed for total testosterone, SHBG, LH, FSH and prolactin, along with an estimate of free or bioavailable testosterone.
